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SEISMIC INVESTIGATION OF CRUSTAL STRUCTURE

Abstraot

The research has closely followed the lines which were druwn up in
the Research Proposal, dated Jume 28, 1960. Six papers have been prepared
for publioation, comprising three main items:

1) Seismic investigation of crustal structure in Iceland and the North
Atlantic region.

2) Seismic investigation of orustal structure in Fennosocandia.

3) Studies of amplitudes of explosion-generated seismic waves.

1) The records obtained by refraction technique during a Swedish-
Ioelandio seismio expedition to Iceland in 1960 have been analysed, Tho
detailed structure of the lava layer down to about 5 km depth has been
determined along a profile across Ioeland from southwest to northeast. The
struocture was found to be tore oomplex than expected from earlier results.
This d@etermination is the first more detailed investigation of lava struoture,
at least on Iceland. This rescarch constitutes our Secientific Report Fo, 1
and has been published in the Journ. Geophys. Res., Vol. 66, No, 6, 1961,
pp. 1913-1925.

The struotural relation between Igeland and the surrounding oocean,
espeoially the llid-Atlantio Ridge, has been investigated by means of guiuzp~
veloeclity dispersion curves for Love and Raylelgh waves from earthquakes in
the region. This research oonstitutes our Seientifio Report No. 3 and has
been submitted for publication in the Bull. Seism. Soo. Amer,

Investigations of travel times of P waves from earthquakes in the
Arotio-Atlantio Ocean have given results with regard to the deeper strusture
in the same region. Thus, it has been demonstrated that the P wave volooity

in the upper mantle below the Arctic-Atlantic Ocean is around 7.4 Im/sec,
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while below northwest Burope it is around 8.36 kn/sec. In tho upper mantle
balow the occan area mentioned, it appears to be o discontinuity at about
140 kn depth, whore the P wave velecity ropidly increases to about 8.2
km/sec. There are indications of low-veloeity layers in the uppor mantle
both bolow the ocean and below the continent. This rescarch has appoared
as our Sciontifiec Report Fo, 5 and has toon submitted for publication in
inneli di Geofisiea,

2) The thicknoess of the orust in Fennosoondia has been dotormined by
the phese veloeity method, appliod to Rayleigh waves from two ocarthquakos
(dexico and Kurile Islands) recorded by Swedish, Danish and Finnish statiens.
Large distances botween stations snd inhonogoneeus structuro in the noigh-
bouring areas made o straight-forward application of the ncthod vory
diffioult, Thorefore, improved aethods wore dcveleped to take account of
such difficulties. The orustal thickness was closc to 35 =1 for thg wholo
arce investigated, with indication of slightly thiecker crust in noxrthcrm
Sweden (35-38 ki) as coapered to Pinlond and southern Sweden (33-35 x3).
This rescarch has appoarc in cur Scientific Repert No. 2 and will be
putlished in Annali a1 Geefisica.

The records ettoained frem a seisaie roflcetion experinaent at Kiruna
in 1955 have becn analysed. This was the first seig::ie investigation of
the deeper structurc undertaken in Fennoscandia. Dircct P and S waves ag
well as atmospheric sound waves were recorded. The reflcoted signals were
goenerally woek and of crratic cccurrenec. .ipprow. depths to the Conrad and
the Uchorovidié discentinuities were calculated as 19 ka and 33-34 kn resp.,
This rescarch has boeen prosented in our Scientific Report Ne, 4 and will
be published in Geefisica pura e applieata.

3) Although net cxplicitly contained in the contract, we have also

studied the aaplitudes obtained in the seisuic rofraction rocords in Iceland
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in 1959 and 1960. Those have permitted to estnblish rolntions botwoon
aaplitudes and chergo weights, furthoriors to study the offcot of wator
cover for undorwater oxplosions, and finanlly to deteraine the ecttemuation
of P waves in Icocland. This res;mroh constitutes tho content of our
Seiontific Roport No. 6 and has beon submitted for publiocntion in Goofision

purc ¢ applicate.

l. Dofinitions

The word orust has o acaning of ~ hard surfacc layer, oovering softor
intorior. Tho ocarth's orust originelly indieated the solid surfaeg layors,
oovoring th. intorior of tho carth, which was boliovod to oonmsist of fluid
or virz.us matoriel. Later, difforcont zeophysieazl moasurcacnts showed that
tho carth Lchaved s solid aatoerinl in relation to scisie waves to a depth
of 2900 ka bolow the surface. However, the word orust has not bgon appliod
to this 2900 ka thiek shell, but to ropresent only a relatively thin supor-
fioirl loyer. The lowor toundary of the erust has beon sutjost to sovoeral
definitions, as the Loundery betweon erystelline and vitrcous stato of the
nmaterial, toundary bLotweon the lithosphiere (outer shell having a yiold
strength of the ordor of 109 dyncs/o':xz) and the cgthenosphere (with 'meh
szeller yiold strangth) or oven the boundary tetweon the roughly 700 ki
thiok sholl in which earthquakes ocour n~nd the deeper parts of tho carth,
where oarthquakes arc not known te occur (Gutenborps 1959). However, rost
goophysioists adopt the definition that the Hohorovidic discontinuity,
horoafter called the lioho, scparates the crust fro:: the nontloe. This

definition will bo followed hcre.
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Apperontly, thero oxists no oxeot ~nd gonorally acooptoed dofinition
of tho Hicho. In nost onsss it is sufficiont to doiino this as a volooity
discontinuity noar tho surfooo of tho ocrth, whoero longitudinal wove volooity
Juaps to chout 8 ka/sve.

As tho orust covors the whole oarth, nnd is soparatod froa tho mantle
by thc Lioho, according to the cdoptod dofinition, tho definition of Hoho
cmst “o such, thet it oxists bolow cny point cn tho coarth's surfroo. This
is fulfilled by tho dofinition, that the iloho is taken ot the depth, whore
tho co:prossional wave volooity first axcoeds 7.8 k:/sce (Stoinhert and
licyer 1961). This dofinition does not specify any disoontinuity in
velocitios, and has thoreforo a physical nocaning quite difforont froa that
originally associated to tho MNohorovisid discontimuity.

lo profor such a definition that Lohc always roproscnts a volooity
discontinuity, if this oxists, or olse & lavel whore the vclooity inorease
with dopth (velocity gradient) rcaches a aaxinun inside a specificd volooity
nd dopth interval. Such a dofinition nay bo expresscd as follows. The loho
ig tho lowost velocity discontinuilty in tho upperniost 100 kn of the earth,
whoro tho coaprossional wave velocity incroases to a value batwoen 7.0 and

8.5 ki/scc. If no such discontinuity cxists, the Moho is at that depth,
whero the velocity gradiont is steepost inside the dcpth and volocity 1indts

adopted.
The contincntal crust is frequontly dividod into throe soctions, tho

scdinentary layers, the granitic layer and the basaltic or gabbro layor.
The sodinentary laycrs cover practically tho whole oarth, beth continents
and occan bottons. Their thicknoss and physical proportics vary vory much
fron onc place to another, so any dofinition is difficult. Tho granitic
layer is gonerally roported by seisnologlsts to have a longitudinal wavo

volocity somowhore between 5.5 and 6.5 k:/soe (Gutonbery 1959, Stolnhart
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and Moyor 1961, Bith 1961 a). Sawarcnsid and Kirmos (1960, p. 227) dofine
the granitio layor as orustal layors, having longitudinal wave velooity
tatwoon 5.2 and 6.0 ki/soo. This layor is generally not obscrvod Lolow

deop oocans. Tho basaltio or £abiro layor, soparatod fro:a tho granitio

layer by tho Conrad discontimuity, is froquontly roported by scismolorists,
but its wavo velooity soots to vary vory rmeh, This is partly duo to
differont dofinitions adopted, Lut also duc to groat variation inside this
layor or layors. This layor is found in both continental and occanic rogions.
Vo sugsost the following dofinitions for use in seisiological works:

Sodiaontary layer: Longitudinal wave velocity lowor than 5.2 lkn/sce.

Granitic layor: Longitudinal wave volocity hizhor than 5.2 ki/soc but
lowor than 6.2 kn/sco.

Basallic 1laycr: Longitudinal wave voloeity highox than 6.2 ki/soe
tut lowor than in tho upper nantlo, usuclly lower than 7.5 kn/sco.

Thoso dofinitions arc arbitrary, tut in closs agroonent with ropoxrtod
veloelty of crustal P-waves. The nanes of the layers io not nocossarily
indicate the geological eonposition of tho layors, as the dofinitions aro
based entircly on wavoe velocitios.

On the Mid-Atlontic Ridge and in Icoland (and also in scveral other
rogions) the uppor erustal layors consist of voloanie aantorinl, oruptod
during the Tertiary and Quatoanery opochs. These layors arc here naned thg
lave layor, dofined as e surfrcc or noar-surface layor in Iecland and on tho
Lid-Atlantic Ridzo, having longitudinal wavoe velocity higshor than 3.5 k1 /300

but lewor than 6 ki/sce.
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2. Seisnio Hgthods for Doteroinine tho Stxucturg of tho Orust

The propagation of clastie wavos througlh the earth has eontributod
to our knowlcdge of tho orustal struoture and the strusture of the oarth's
intorior, morc than all other rossarch nothods togothor. The olastie waves
are produocd cithor by natural oarthquakes or by artificial oxplosions.

The oarthqucke waves have tholr cdvantage in the large onerzy and anplitudes,
but thoir disadvantage lios in tho unknown quantitios, the origzin ting,
epioonter ond fooal dopth. Those quc.ntif:los oro usually known in artifioicl
oxplosions.

If natural oarthquakes ars uscd for dotominection of erustal strusturo,
the looation of foous and origin tizo must bte detor:ined with the hichest
possible eocursoy. The :othods of opiconter looation arc deseribdod in
seisrological toxtlocks (e.g. Riohtor 1958). For woll rocordod oarthquakos
an ncoourcocy in oploenter of ahout 10 k: is possible 1if all oireunstancos
are favouratlec, by using only stations at nore than 2000 ka distanco. If
neoaror stations arsc used, a knowlod;oe of loeal cnonnlies in erustal and
upper antle wave velocities is nooded, ospccially if the opioenter is
located near a toundary totween difforent structurcs. The possidblc accurnoy
in detornined hypooentral depth is diffioult to state. In larse oarthquekos,
whore PKP is oloarly reoorded at a nunter of stations, the hypooontral dopth
oan Le deterined with great acourac& (possidbly 10 kn), but in smllor enrth-
quokes, originating at groat distancoe from o donsc not of seisnozraph
stations, the accuracy in dopth detor:dnation is poor (sonc 50 kn).

The seisiie acthods for investigation of crustal strueturo ean o

classifiod as follows (Bath, 1958):
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A: Propegation of body waves.

Rofraction using natural aarthqueakos
Rofraction using artificinl oxplosions
Reflootion using natural carthquakes
Reflootion using artificial axplosions

B: Propagation of surfrco waves.

Phase propacation of Rayleigh waves
Group propagation of Rayleigh waves
Fhase propegation of Love waves

Group propagation of Love waves

C: Othor scisnic nethods.

Bach of these uethods will be deseribod briefly. For oathonatieal troat-

nent of the nethods the following syubols are used:

Phase volocity

Group veloeity
Longitudinal wave velocity
Shoor wave volocity

Wave loength

Wavo period

Tine, travel tine
Thiokncss of leyer
Hypocentral depth
Epicentral distance
Inclination of interfaco
Rigidity

217 /o

Constaont
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Indie0s 1,2,3.0000i0e00o8 rofor to orustal layors, countod fron the
oeerth's surfoce,

depands on tho accuraoy in epiccater and fooal dopth deternination, tosathor
with tho munbor and distribution of noor soisograph stations and tho
acouraoy in tino koeping at theso stations. Tho otsorvod travel tines of
P-waves are plottod against eploontral distnneo. For study of the surfaco
layers wo nood dense obsorvations up to an epicentral distaneo soro ton
tines groctor than tho thickness of tho layors to Lo studicd. Tho obsorvod
trevol tino ourve ocan usuclly bo dividod into two or nore straicht sootions,
eaoh representing cn individual layer, assuiod to bo honogengous. FPor
orustel layors, the carth's curvaturo oy te ignored. In o horizontally
layered orust, whero the foous of the oarthqucke lies in the surface layor
(h < 31), tho propasetion, along tho surfaco, of wavos travelling in this

layor is givon by the oquation

2 5%
t, o _Q. ‘ 14+ _ll. ! (1)
1 ol 1 A} 2 .!
1
For waves refracted in tho sceond layer, tho travol tine equation is
n 2H1-h | d.12'|’-’f A
t, = =2 + 1 = — = 2. +C (2)
2 o d1 o L2° o2 2
and for waves rofracted in the third layor we got:
- 2 1% 2%
A 2H1-hl oL 1 } 2m2 [, _d2 b
- + 1 + + 1 - LIS — c (3)
Y375t TG 2] 'L TG A3 3

Gonornliged to N layors the axprossion of the travel tino beeongs
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. i=N-1 r 2.3
A  Ehl o d21Y v B old ‘ o
t = + 1l b 2 e ——— 1 - cummm — c (4)

If the hypooontral depth is larger than 81. she equations have to be
nodified (Bath 1960).
e velocities =(1. dz. o(. and the tiue intercepts C,, Ogy «e»

Cx

arc thon easily conputed for horisontal layering.

oan be road dircetly froa the travel tine eurve, and ﬂ._, ' 82. 0o ll.

This nothod has bLoen applied in the investigation reported in OChaptor

3.3 below.

axplogion point and the travel tine are usually exactly kmown. The tine

koeping is usually auch nore cxaot than in oasc of natural ocarthquakos,

: as the recordin; devioc is run at much higher speed. Otherwise the troat-
nont and oonmputations are the sane as desoribed in A 1, Usually, the
refraction nethod is applied on P-waves only, but in sonc oascs transvorsal
waves (S - waves) mny be used to get additional information. If the
discontinuity betweon the first and scoond layer 1is dipping and forus the
angle (W with the horizontal plane along the line of neasurcnents, the
travel tine of the refraoted wave is given by the equation

tz-:21— [L\sin (11.*: W)+ZH1 oos 1, oos w] (%)

whore

and 31 is thc layer thickness under the source.
The ndnus sizn is to be used in dircotion of dcoreasing thickness of

the surface layer (Gutemberg 1959). If the discontinuity botween the

——

e O

E-g
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lower layers is clso dipping, tho exprossions for the travel tines of waves
rofraoted in the dcepor layors bocome more conplicated, than in (2), (3)
and (4).

This nothod has boen applicd in tho invostigation rcportod in Chaptor

3.1.

A 3. Reflootion_using naturel oarthguakos. Roflootions fron tho
botton of the crust or fron discontinuitics insido tho orust ars difficult

to identify in soismocyens of natural acrthquakos. This is mednly duc to

tho relatively largo distances btotwoon tho seizogroph stations, comparcd

with tho layor thicknossos. Howover, sovoral authors have identificd such
roflootions (e.3. Gutenbers 1944). Beooauso of the diffioculty in idontifioation,
rofloctions using naturcl ecarthquckos are of 1linited inportancc in orustal

stmoture rosearch.

inportant in goophysical prospecting, but thore arc grave difficultios in
using it to invostigate the deepor erustal structurcs. In geophysical
prospecting, the goophones are usually placcd in a stroight lino, ond on
explosive chargo is detomated in the nidpoint of this line. The inpulses
fron the goophones arc fod throuch anmplifiers .2 gpocial design, including
btand-pass filters and autonatic gain control. By this noans, inpulsos of
very soell energy or snall ground anplitudes noy e detcoted on the saolsno-~
grans. The aethod is desc bau in textbhooks in gecophysicnl prospeeting
(0.g. Bwing and Pross 1956). For deep reflectlons, tho distonce betweon
ghot point and geophones may be chosen so that total rofloction occurs.
Tho nathenatical treatment of such casés is deseribed by Bath (1960).

This nothod has been applicd in the investiration reported in Chaptor

3.5. telow.
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B 1l._Fhase grgpgag.t;og gf_R.gy:_l_.og_.al_x wayos. Tho phnso volooity of Rayloigh

waves in layorod nodia dopands om tho wavo lonsth and tho physioal constonts
of the antorial., Tho period oquation is rathor complicctod and is givon in
toxtbooks on thoorotiocal solsnology (e.g. Bwing, Jordetzky and Pross 1957).
By neans of hich-spoed oleotronio conputors, the poriod equation oan bo
solvod for imltileycrod struoturcs. A great musbor of such oonputations
havo %oon node for struoturos amslogous to that of tho carth's orust. Obgervol
phoso valooitios aro conparoed with thoorotical onos, and if tho voloocitios
aro oqual for o muabor of wavo froquencics, tho orustal structuro along tho
oath obsorved is probably Tory sinilar to that usod for eonputation of tho
thooroticel volooitics. If only a sno.ll part of tho wave spcotrun is observod,
thore is a nossibility of comsiderable veriation in orustel structuro, giving
noerly tho sanc volooitics in the obscrved part of tho wavo speotrun. Furthor-
noro, struotural variction along tho path mey produco tho saue offeot on tho
obsorved phase volooity as a orustal strueturc doviating oonsidorably fron
that oxisting.,

Tho actucl phose velooity of Raylelgh waves nay bo ottained by noting
tho arrivel tines of wave orests as noasurel on a homogenoous sot of
vertionl instruients in a denso not of stationms. By this proocodure, both
dircotion and volocity of each wave orest 1is obtaincd, btut irrosularitios
in the wave form noy ocuse sorious orrors, if fow stations oro ugod.

This nethod is applicd in the investication reported im Chaptor 3.4.

B 2._ Group propnsation of Rayloigh waves. If the arrival finos of a
wave in o dispersed weve train arc oomparcd with the origin tirne of the
disturbance and the lemgth of the path traverscd, we obtain tho group
voloeity U, which is corrclated to the phasc veloeity o aceording to the

oquction
do do
= on— - Il (
U c+ k 3k s 0 -ar 7)
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The group velogity nothod noeds only onc gtation, tut tho path
investizatod must be long oomparcd with tho wave longth. This imvolves,
that the aothod cannot give inforuntion about lcoal variatioms in the
orustal structuro, but only tho gonoral structure along tho wholo path,
In tho application to Rayleizh wavos, any possidility of nisintorprotation
of tho wavo type must te oliminatod, This is nost oasily donmo by using
only rocords of vorticcl suismonctors. As there oxist sovoral niodos of
Rayleigh waves (Rayloigh nodo, als> nnnod first nodo, first shoor ncdo orx
gooond nodo oto) overy possibility of toking first shear node as Rayleizh
node ote must Lo exoluded. Such nistakes oro usually casily oxcludod by
conpering the ohsorved group velooitios with thoorotical onos clong
gtruoturcs sinilar to that expootod.

Mig acthod is appliod in tho investigation roported in Cheptor 3.2.

wavos with transversce horizontal particle —otion oxist, ealled Love waves.
Their veloeity deponds on the wave lencth ond physiecal oonstrnts of tho
zoterinl, For onc layer of thickmoess H over o honogenoous golid half spaco,
the poriod oquation nay be written:

o2 ¥

i -
- 2 = ( )
tan|ka(.c_.-1)*;- Lz 1_ A (8)
AV IS N T -
' ("
For two solid layors over a homogencous solid half space, the porlod

oquation is sonmewhat nore complieated, but it can easily be solved by

using simple hand computers (Bwing, Jordetzky and Press 1957). For more

than two surface layers, the period oquation is too conplientced to De

eagily solved Ly using sinple conputers.

The phase veloclity of Love waves can be used for crustal structurec

B
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roscarch in sirdlar way as phasc volooity of Rayloigh wavos, but thero arc
gonc Aifficultics in solooting purc Love waves on tho scisnograns. Acoording

to our knowlodse, this nothold has novor toon applied.

B 4._ Group propacation of Love waves. Tho thoorotionl group velooity
of Lovae wavos occn bo deducod froa (7) end (8), or othor poriod oquations
for Lovo wavos. As Lovo wavos usually travol fastor than Rayloich waves,
tho boginning of the surface wave tronin froquontly oconsists of purc Lovo
wavos. Thoe croup volocity and poriod of those waves onn easily bo dotarded,
ond usod for orustal struoturc detormination in the sano wey as group
volooity of Rayloich waves. If group velooity of both Rayloigh and Lovo
waves alons tho saze poth are used for orustzl structuro dotorzdnation, the
rosult will be oorec rolichle, thon using only onc typoe of wavo,

™is aothod has been applicd in the invostigation roportod ia Chaptor

3.2.

C._Othor_application of soismic wayes. The amplitudes of body wavos
rofleoted at tho oarth's surfaco (PP, SS, pP otc) dopond soncwhat on the
orustal structuro, ospceoially the layoﬂ.t of the orust in tho point of
roflootion. Soie authors have roported doublc rifleotions in such oases,

ono at the lioho, and anothor at thc oarth's surface., Tine diffecrenco

botween those sives the thiokness of the orust. Reflcotions downwards fron
tho loho arc cecnerally faint and difficult to idontify.

Chonnel woaves (Lg, Rg otc) are frequently found on seismograns, where
tho whole path 1s over oontinents. Thoir existonco is proof for continontal
orustnl structurc along the whele wave path, whilo their abscneo dous not
neoessarily indicate ooeanic orustal struoturc (Bith 1961 b).

The nttormation of short period surfaco waves is found to be rmuch p

groater in the bLorder gone tetween oontincntal aond oceanlo orustal stmotuz*i;,
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thon insido each struoture. Furthcraoore, surfroo waves of poriod shortor
tham 12 sco are usually mot found on soismogrens of distant carthquakes,
whore the wave path liocs wholly or to a larse axtont coross oooanic orustal

structures.
3. Rosults of tho Prosent Rescaxch Work
3.1._ Uppor Crustel Strugturg of Igelond by Bysteinn Tryggvoson and

Harkus Bath.

In this work the rofraotion Dothod, using waves fron artificial
oxplesions, was applied. Rofleotions wore also used, but these wore
froquently very vasue. The obsorwvational data oonsistod of soismograns
obtained in Ioeland during tho nonths of August and Soptenter 1960, along
eight refraotion profiles fron 20 to 41 k2 long. This natoricl was used to
deternine the thiclmess and wave veloeities in the "layna" layor, about 5 kn
thiok. The neasuring profiles were 1aid necar a linc orossing Iooland froz
southwost to northoast. Tho rosult of this study nay be sumiarizod as follows:

1) Surface fornations, where P-wavo velooity was lowor thon 3.0 kn/sco.

This laycr oonsists of irregular surfacc formmtions, as sodinents of
adifforont age, rccont lavas and possibly some old lavas. Its thickness is
loss then 0.2 ka in six profiles, but in two srofiles in north Iocland, tho

thiclkness was fourd to bo 0.35 resp. 0.39 k.

2) Layer with P-wave velocity 3,7 & 0.3 kn/sco.

This layor is most pronounood in southwost Iocland, where its thiockness
is observed to be 1.5 to 2.4 kn. In north Iceland the loyer is miasing.
This layer consists probably of irrezular lava formations, nadnly of Quater-

nory oge. In south Iccland no other lava loyer was found.
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3) Layor with P-wavc volooity 4.95 ¥ 0.2 kn/sco.

This layer lios Lolow loyor 2 in contral Iocoland but tolow thin
sodinoentary layor or at tho surfacc in north Iccland. It oonsists of law:
of Tortiary ago, whoro it onn be cbscrvod at the surfaso. Its thiokness was
doterained to 1lic totwean 1.0 and 2.7 kn.

4) leyor with P-wave volooity 5.55 & 0.05 kn/sce.

This layor is found below layoer 3 in threo profiles in oontrel ond
northern Iocland., Its thioknass is obsorved to llo botweon 1.2 and 3.1 ka.
If this layor is thinnor than about 1.0 ki, tolow a layor 3.1 to 2 k: thiok,
it ocnnot Lo detcoted by the rofraotion mothond, as no first arrivzl on tho
seisnosrans would correspond to this., The oconstitution of this layor is
unknown, but it is nssunod to oonsist of voloonie noteriel (lawa),

5) ILayer with P-wave velooity about 6.2 kn/sce.

This layer was found telow the lava loyors et a depth of 1.7 to 3.7 ka.
At onc profilo in north Iocland this layor was not found. Its wave volooity
is intcrnediate Letween the sranitie and the gabbro layer, according to the
adopted doefinition, tut its conposition is unknown.

6) Loyer with P-wave voloeity atout 6.7 l/sco.

This laycr is found below the lova layor ot 4.8 kn dopth in onc profilo
in north Ioeland. Other obsorvations ¢ive its thickness about 15 ko (Trype-
voson 1959, B&th 1960). It bolomgs %o the gabbro layor ascording to the
definitions adopted.

The rosult of this rescarch has appeared in our Scicntific Roport No. 1

4"‘-“"‘_““““““—:@‘&‘111{5 “Yoon published in Journal of “Geophysical Rogearch, Volune 66, No, 6,

Juno 1961, pp. 1913-1925.
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3.2. Crustal Struotura_of the Iocland Rogion fron Disporsion of Surfaog Wnvos

by Bystoinn Trysgvason.

Group velocitiocs of Loth Love and Rayleizh weves, €8 dotorninod fyon
rooords ct Icoclandio soisnogroph stations togethor with onc onrthqucke rosord
fron Seoresbysund, aro uscd in this study. Tho ocarthqunkes studiod orizinctod
in the l4d-Atlantio Seisnic Bolt, and the wave paths, 105-1640 kn in langth,
ell lic near this scisaie tolt, and insido the lid-Atlontio Ridgo, if this
ridge is defined to inelude Iccland.

The obscrved surfnoo wave dispersion was conpnrod with thoorotionlly
coaputod Adispersion ocurves of Soth Love and Reyleigh waves. Tho theorotical
Love-wave dispersion curves wore cozputed by the writer, while for Rayloeich
weves, thoorotical ourves of Hagkoll (1953) and Konai (1951) woro uscd.

This conparison showed, that the wavos studioed were £irgt-nodo Love and
Royleich woves, as othorwisc we had to account for o orustal structuro,
doviating groatly froo the previously ottained rosults fron seisnic refrcotion
ncasurcaents (Bwing and Ewing 1959, Bith 1960). This study shows, that o
thin layer of low wave velocity covers the recion studiocd, and comtrols

the surfoce wave propagation to rreat cxtent. The thicknoss of this surfnoc
layor is neinly atout 4 la, and thereforo the surface waves, which nainly
propagete in this layor, ore of short period, some 3-6 soc. Vaves of longor
period erc also recorded, especially of carthquekes at considorable distanco,
but with rolotively sunll anplitudes. For wave paths aoross Icclond, the
Rayleigh-wave trein can gonetines bo divided into two scctlons. First arrivos
e train of sunll anplitudo waves of large period, to te followod Ly enothor
troin of waves of much larger anplitude but shortor period. The dispersion
of tho first waves is supposed to Lo coused nainly by surfroc layers, of

total thickness about 10 X1 or soaewhct less. The 1ater, large anplitude
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wevos are also dispersod, tut vhe disporsicn is apperontly oontrollod by

one surface layor of sone 4 kma thickness ovarlyinz an infinito half-sprco
of honoganoous matoricl., Theso rosults lead to tho oconolusion, shat tho

oorth's orust in Iocelcnd can bte dividod into two sootions of sinilar thiok-

loyer.

Doss. Refraction moasurcaonts (Irygrvason 1959, Bath 1960) show sonowhat
Ufforent and surely noro relintle rosults about tho lewor or sooond orustal

The result of this study is sumiarized as follows:

Tho liid-Atlantic Ridpe southwest of Iooland tut no

X A

of 52°
surfoco layor about 4 ka thick, with S-wave vclocity about 2.7 ka/sce covors

a substrotun cf unkmewn thickness, where the S-wave velecity 1s dotween 4,0

and 4.5 kn/seo, probably about 4.3 kn/scc. Nearest Iocoland thers is an
internediato loyor soue 5 kn thick with S-wavo velecity about 3.6 i,n/sce.
Centrel Icelond. A surfoco layer with an S-wave volooity about 2.7

Im/sec and sone 3 kn thick ovorlics o layor of unimown thicknoss with S-wave

velocity considerably lewer than 4.5 kn/soe, possibly atout 4.0 kn/sco.,
Anether possitlo solutien is & surface layor less than 3 kn thick with S~

wave velocity about 2.5 lm/sce overlying a rolativoly thin ( <4 kn) intor-

medicte layer of S-wave volocity botween 3 and 4 kn/sce, which overlios a
substratun of higher wave velocity.

Wostern Iceland. A surface layer 4-5 kn thiok with S-wave volooity
some 2.7 kn/sec overlics a layer of similar thickness with S-wave volecity

about 3.6 kn/sec. The substratum has an S-wave veloeity of 4.1 - 4.5 kn/sce.

Ihe path SW-Iceland to Scoresbysund. A surfaco layer of S-wave
velocity abtout 2.7 km/sec and some 7 k= thick overlios a substratun of
S-wava velocity about 4.3 kn/scc.

Togethor with 3.1 and earlier investigations (Bwing and Bwing 1959,
Bath 1960) this study indicates the structural variations fron the Mid-
Atlontic Ridge to Iceland,

%
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A papor on this study has eppoarod os our Seiontific Report No. 3 and

has Boen sutmitted for putlication im Bullotin of tho Soismologioal Socioty

of Anerica.

The rafrcction nothod, using woves froa notural carthqunkes, 1s appliod
on date of four ocrthquakes in tho Arotic-Atlantic Ocomn. Tho orizin tinos

cnd oplcenters of tho onrthquokos cre as follows:

1951, June 6, 16 10 47, 7102 K 10°%1 w
1952, Doc 10, 055805, TI%O N 6% w
1958, Jen 23, 13 35 03, 6592 N 68 B
1959, Jon 29, 232329, MO N 72 B

The opiconters and oripgin tines wore detorminod fron arrival tinos of
P-wavos ot stations ot norce than 20° 2istance fron tho oplcontors. No
indication wos found of abmornnl foecl dopth.,

The uppor nantle veloeity in Fennosocndia was found to be 8.36 km/soo
by esowadng horizontal layocring, This voloeity wos woll defined in the
earthquakes of 1958, Jan 23, and 1959, Jan 29. The tine intorcept for the
latter wos 11 seo agoinst T see for that of 1958, Jon 23. This diffcrenco
coull possibly ¢ ccused bty different foonl depths, and thus incorroct
origin tines, but we noced o dcopth differonce of sone 50 kn or noro to ox-
plain this differcnoo in tine intercept. Another explanction, assuned by
the vriter, is that the difference in tinc imtorcopt is partly or wholly
produced by o low-velocity region in the vicinity of the eploenter of Jan
29, 1959. We have scen (3.2.) thot the uppor nantle (or lower erustal
layors) have a P-wave velocity abtout 7.4 ki/see in the Icclond reglon.

By assuning that the low-velocity upper nontle forms a broad btelt (say 500

k) on both sides of the Atlantic Seisrdc Belt, we should have the P waves
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fron oarthquckes in the Atlontic Soiszie Bolt sciowhat dolayoed at short
distoncos, while ot lorgor distencos tho dolay is suallor, ond dopcends on
tho thicknoss of the nantle layor with abnoraelly low volooity. If wea
assund, that tho paths from the onrthqunkes of 1951, 1952, nnd 1959 to
statlons in Icelen? ond to Scorostysund and Rord in Groonland, lic wholly
inside the anntle low-volooity rogion, wo obtain on apparont volooity noar
7.5 62/300 up to & distanco of adout 10°. whoreaftor tho apparcnt voloeoity
is sozowhat in oxcoss of 8 ko/sco until tho twonty-dozroo discontinuity is
rooched, srotably ot 15° -16° distonce., There is o possidility of a shadow
zone at Aistances “etwoon 8° ana 16°, although the earthquake of 1959, Jan
29, was clearly racoried ot those iistonces.

a8 o prelininery rosult, the 7.4-layer oxtonds to 100-150 ka donth,
cnd thus mmst belong to the mentle nceordinz to the adopted definitions.
This nay possiltly be expressed by saying that the low-voloeity cgthonosphore
layor racchos the top of the zantle in the vieinity of the Eid-Atlantic
Seigaic Bolt.

Below the continont in northwost Burope tho F-wave vaolocity below Moho
is found to le unusually high, 8.36 ka/soc. 4 shadow zone is not pronouncod
as roported fron sone other regions (Gutonterg 1959). Ve have cloar P-wavos
at all distonces botween 5° end 15°, tut betwoen 15° and 20° tho stations
froquently roport oP., 4 nmuuboer of the tizes reportcd do not indieate any
lelay, clthouch soveral stations roport too late P. The twonty-degros
discontinuity lies at 19° -21° distonce, depending on the location of the
opiconters. For the earthquake of 1958, Jan 23, this distance was noarly
21°, which is almornnlly great, dopon‘ding on the unusually high velocity
in the upper zontle.,

A paper on this study has been prosonted as our Soientific Roport No.

5 ond has bteon sutiditted for publieation in finnali @i Geofision.
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by Eysteinn Tryzcvason.
The phase velocitios of Rayloigh waves travorsing Pennoscandin, were

dotorained by using 2ll availablo records of short-poriod vortioal soismo-

netors in Denacrk, Pinland and Swodon, ZTwo distant oarthqunkos woro soleotod

for tho study, onc with surfaso-wave propagation noarly porpondicular to the

wost coast of Norway, with cpieontor in Hoxico, July 28, 1957, anothor with

wave propagation nonrly parallel to tho wast const . lorway, with opicontor

in tho Kurile Islands, Novonbtor 6, 1958, |
The acthod doannds, theot onch individual wave can bo followod aoross the

rogion stuiied., This involvod sono diffioultics, tecoauso of large distancos

Letween the statioms, ond also because tho woves woro irrosular and tho wave

fronts curved. Purther difficulties wero causcd by tho fze%, that the

dircotion of onrth notion in Holsinki, Pinland, woc not known, and at Sodan-

kyls, finland, the dircetion of motlon was opposito to that reported.
The irrcgulerities in the forn ond dircotion of the wave fromts wore 1
; chiefly caused by irregulaorities in the wave paths. is o comscquonce, ozch

individual wove wos recorded with differcnt poriod ot differont stations.

s il

Fartheruiore, the ocurveturc of the wave front weos difforont for differont
waves in the some wave train.

All these faots nke the rosult of this study less cocurato, thon those
obtained ty the use of more regular surfnce waves, os those orizinzlly used
in sinilar studics (Press 1956). To get =ore reliable rosults, tho curvature
of the wave fronts was conputed, and included in the phasoe velocity .
deterainations. This proecdure inereascd the accuracy of the result

consideorctly.

e

On the other hand, no aecount was token of the different phaso shift ot
different stations, tut i1ts effect was studled, and found to nseount for less

than 1 % of the apparent velocity in all cases, and was thus insignificant,

rem e ERMEAN Congs

Piccidic i
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The orustel thicknoss obtaincd wns '1';;;;1; constant ovor tho arca studiod,
acout 35 kn. There wero howovor indications of slight inoroasc in the thiock-
ness $0 tho wost and north, to 35-38 kn as ¢ noan for northorn Swedon against
33-35 ka in Finland and southorm Swodon.

A paper on this resoerch has teon £ivon as our Sciontifie Roport No, 2

oend will to published in ,nneli 41 Geofisiea.

3:2-_Poep Soismis Roflootion Bxporiaents ot Kiruna by Horkus BAth ond
Eystoinn Trygevason,

In iugust, 1955, a sorios of speeiclly errongoed quaxry tlasts in tho
Kiruna iron ore mines was recorded with a rofraction apparatus at opprox. 10
kn distonce. The exporinonts cre the first soisaie investigations of the
deeper orustel structure in Ponnoseandic and wore nainly undortakon in ordoer
to study nocr-vertical roflostions fron erustcl disoontinuitics, The rocords
show olear direcot P waves with sharp onsets and o vclocity of 5.65 * 0.13
ka/sco (in porphyry), furtheruore S woves of lass definite ongats and sound
waves through tho atnmosphore. P waves rofleeted froa erustal discontinuitios
are wock and of orratic ocourrcnee, in a;roenont with theoretical axpootation
for noar-vertical rofloetions, .Approx. depths to the Conrad and tho Mohoro-
vigio' discontinuitios are ocaloulated as 19 k1 and 33-34 k. There is zeneral
acreenent with the explosion resords written by the Grenot seismograph at
Kiruna, and the difforenoes which exist oan Yo oxploined by the difforont
froquency responsc of the two instruicnts.

A papor on this investigation has Leen sent os our Seiontific Report

No. 4 ond will olso e published in Geofisica purz ¢ applieata,
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Bystoinn Tryq:voson.

Rooords of unilerwator ox;losisns in Icoland in 1959 anc. 1960, nninly
sorferned £or orustal studies, have %eon investipeted with rosard to
azplituos, 1ke axplitudes of P2 in the 1959 oxplosions sn? of tho first
arrivinz P waves in the 1960 oxplosi>ns worc found ¢o Lo arooertionnl ts
the first powor >f tho charge woicht, whorons amplitudes of Pl and 81 in
the 1959 ox;lasions were nropsrtisnal to the 3/4-power of the ohargo up $o
200 kg, ut imorocsod ueh slowor for larger ohnxges. The influonce of wntor
dopth of shot joint on tho charro wolshts, roquired ¢o obtein o cortain
amplitude, has teen dotorained and it was found thet tho logaritha of tho
eherge welsht hos o linear relotion to wator Qepth down ¢o about 8 :ctors.
The caplitudes of Pirst arriving P waves dooroasc ag tho inverso 2.2-0wor
of the ddstonce up 5 about 30 ki. For croator distoneos an oxponontinl
looroaso of the forz (oonst./,\ ) e~ 30 is valid. For P2 wnvos with o
froquency of 10 eps we found /3 = 0,027 = 0,003 kn-1 for a profilc coross
central Icelond end /2 = 0,009 # 0,004 k™! for o yrofile in tho wostorn
aort of Ieocland,

The full paper constitutes our Seicntific RKoport No. 6 and will Lo

mzlished in Goofisies purn o applicata.
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4. Possiltlc Contimuntion of tho Prosont Work om Crustal apd Uppor
liantlo Structurc in tho Sco.ndimgv,-lcomd Arga

Tho border linoc otwoon tho diffaraont struotural rogions, stu:l:l.éd in
this projoet, cro not oxcotly dofined. Tho orustal and apper entlo
structure in Iccland ond the idd-Atlontiec Ridze Adffors sroctly fron that
found for Fonnosonndin. Wo do not lmew, 1f thoso two struotures ~ro in
contret alon: somo Sorder lino, or if thore axists o third tyoe of orustol
struoctura botwoon tho first two structurcs. This ean bo studigd by using
the rofraction 2othod at sca with artifieinl oxplosions in tho Aretic-
Atlontic Ocoon off the Norwe:;ion eonst. Sone informntion atout this oy
p0ssitly Lo obtnined ty using disporsion of surfree waves of saxrthquckes
in tho Aretie-itlantic Occan, roeordod at ngar stations, proforably ot tho
florworion const.

For oore preeisc rosults, concorning tho erustal strusturc in Fonno-
soandia, we noed rofrnotion neasurenents, using artificinl explosions, alon::
lincs suffieciently long, to ottain the total thiekness of tho orust. Such
aeasuroients have Leen aade in Sweden *urdng the surior of 1960, tut tho
result is not yot putlished. The refraestion mcthod using natwrcl onrth-
quakes nay alse cive velueble inforintion, =nd has toen opplied by Fnnish
selsolozists for the northem part cf Fennoseandins, This work should o
continued and oxpanded, using the presont net of selsnorreph stations with
sonsitive instruaents.

The mothods applying sroup veloeitics of surfaoc waves arg apparontly
of limited Lmportance for studles of the orustal structige in Fonnoseandia,
beeause the loenl carthquakes arc generally saall and producc surfroo wovoes
of vory suall anplitudes.

In Icelond the present investigation moinly eonserns the thin lawa
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loyor, eovorins tho wholo islond. Tho d:apar erustzl layors havo Loon |
studiod by using rofrootod waves of btot] -uaturcl ocarthquokos and cxrtificial
explosions (Irynoveson 1959, Bith 1960). Siniler studics should to ropontod

in othor loontions to ottain c nore couplote picturc of thoe oarth’s orust 1

in Icol~nd. The oxtension and thickmoss of tho "zabbro' loyor tolow tho |

ocoan fround Igoland eon te studicd ty using the rofraction nethod at son, |

naoxr tho coests of Iecoland. i
The thickmess of tho T.4-loyor, hore identifiod as an upper nontlo

layor, onn possitly e studied by lar;c nxrtificicl oxplosions at soz, ond

wvith recordin.: stations om lnnd. Icoland is woll locctoed for such stuldes.

woos s

Tho phasc velocity of surface waves in Iceland iy possidly (ivo
valueble infornntion atout the dceper crustnl structurc of Iooland. How-
over, this would require 2 :3dorc complete ond hoxogeneous station met, than
thet oxisting ot present. The croot veriation in erustal structuro in tho

vicinity of I‘'~_2nd :iny howowvor unke the appliontion of this aothod Aiffi-

cult.

i Tho phase veloeity aothod ean possilbly tc applied also on thoe whole
Arctic-Atlantic Ocoon north of Iecland and south of Spitstorsen, Ly using
tho oxisting not of stations in Groonland, Icclond, Norwny and Sweden. It
nay howover Lo nocessary to add scevoral stotions in the recion, preforably l
in Groonland, Boear Islend and Jon Uayen Island, and standerdize the

E ingtruncniation ot the already existing stotions, to nnke such 2 study
vossitle. There ore obviously crent difficultics associnted with such

studios, duc to large distoncos tetwoen the stations and proat varintions

ety e Al i

; in erusial strueturc. Similar dfficultices were partly oliainnted in
Pennoscandia, bty including the ourveoturc of the wave fromts into tho
voloeity cexputation, tut in easc of the Arotic~itlantic Ocoan, these

difficultics wy e too grave for obtoining any reliale result.
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‘ The followin: two scisuolegists have conduotod $he roscnroh doseriltod
atovo, asely Dr. Harkus 3&th (Projcot Seimtist), Soisaolorienl Imatituto,

Uppscle Upivorsity, Uppsala, Swodon, and Cond, ronl Bystoinn Trysswason, on

loovo fro.: Vedurstofan, Roykjovik, Ioolnnd. Porscennol ot tho Soisnolosioczl
4 Institute, Uposala, has assistod in vordous parts, suoh os drawing of

ficurcs, typins of =onuserdpts, dupliontion ote.

ilr. Try:rvoson worked full-tiae, i.0. ot locst 2 hours/wodk, on the
rosoareh Jurins tho whole poriod. Dr. iHarkus Bath has worked part-tine on
tho projoct, cithor as o eo-puthor of papers togcethor with Kr. Trygovason,
or ty disoussions anl ndviec in the othor popors.

The pay:zent included in the ocontreot has “con usad oxglusively as

salary to Mr. Tryzcvason during his visit to the Sgismolosiesl Institute,

= Uppsale.
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